Microscopic models for heavy-fermion materials often assume a local, i.e., momentumindependent, hybridization between the conduction band and the local-moment f electrons. Motivated by recent experiments, we consider situations where this neglect of momentum dependence is inappropriate, namely when the hybridization function has nodes in momentum space. We explore the thermodynamic and optical properties of the highly anisotropic heavy Fermi liquid, resulting from Kondo screening in a higher angular-momentum channel. The dichotomy in momentum space has interesting consequences: While e.g. the low-temperature specific heat is dominated by heavy quasiparticles, the electrical conductivity at intermediate temperatures is carried by unhybridized light electrons. We then discuss aspects of the competition between Kondo effect and ordering phenomena induced by inter-moment exchange: We propose that the strong momentumspace anisotropy plays a vital role in selecting competing phases. Explicit results are obtained for the interplay of unconventional hybridization with unconventional, magnetically mediated, superconductivity, utilizing variants of large-N mean-field theory. We make connections to recent experiments on CeCoIn5 and other heavy-fermion materials.
I. INTRODUCTION
Recent years have seen a revival of research in heavyfermion metals, due to the wealth of fascinating phenomena which can be found in these materials.
1,2,3,4,5
These include non-trivial charge and spin order, unconventional superconductivity, non-Fermi-liquid behavior, as well as quantum criticality beyond the LandauGinzburg-Wilson paradigm. The standard microscopic description of heavy-fermion systems is based on versions of the Anderson or Kondo lattice models, consisting of conduction (c) electrons and local moments on a regular lattice, with a spatially local hybridization or Kondo coupling between c-electrons and local moments. The formation of a heavy Fermi liquid in such a model originates from the screening of the local moments at low temperatures through a lattice generalization of the Kondo effect -this is reasonably well understood, e.g., using slave-particle or dynamical mean-field approaches.
For some materials, recent experiments 6, 7 indicate that the assumption of a local (i.e. momentum-independent) hybridization is insufficient for a full understanding of the data. For example, optical conductivity measurements 7 in CeMIn 5 (M = Co,Ir,Rh) do not show the conventional, frequently observed hybridization gap, 8, 9, 10, 11, 12 but instead have been interpreted in terms of a distribution of gap values. Microscopically, a momentum dependence in the hybridization is not surprising, as the local-moment orbitals are usually of f type and may hybridize with several conduction-electron orbitals. While in certain cases this momentum dependence does not lead to significant changes in observable properties (as compared to a local hybridization), the physics can be qualitatively different if the hybridization has zeros (i.e. nodes) in momentum space. In analogy with unconventional superconductors, having a pair wavefunction with non-zero internal angular momentum, we may call heavy-fermion materials "unconventional" Fermi liquids if the Kondo electron-hole pairs have non-zero angular momentum. Such unconventional heavy Fermi liquids, formed below the coherence temperature in the described setting, will have e.g. quasiparticles with strong momentum-space anisotropy, to be discussed in more detail in this paper. (It is worth pointing out that the existence of hybridization nodes does not imply that parts of the local moments remain unscreened.) Importantly, unconventional hybridization will influence the entire complex phase diagram of heavy-fermion compounds, where the lattice Kondo effect and various types of long-range order compete for the same electrons. Clearly, a strong momentum dependence of the hybridzation may favor or disfavor certain ordering phenomena. For instance, a dichotomy in momentum space arising from anisotropic Kondo physics may determine which (unconventional) superconducting phase is realized at lowest temperatures.
On the theory side, hybridization with higher angular momentum has been discussed in a few papers only. Refs. 13,14 studied the case of a half-filled conduction where a Kondo semimetal replaces the conventional Kondo insulator -this physics is likely relevant to CeNiSn and CeRhSb. 13 Recently, Ghaemi and Senthil
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examined aspects on "higher angular-momentum Kondo liquids", starting from a Kondo lattice model with nonlocal Kondo coupling. Some of their results in the Fermiliquid regime are related to ours below, and we shall comment on similarities and differences. Let us note that differentiation of electronic properties in momentum space is a common theme in correlated electron systems: For instance, in the copper-oxide high-temperature superconductors, quasiparticles properties are known to vary strongly along the Fermi surface. 16 The purpose of this paper is a detailed investigation of heavy-fermion metals featuring hybridization functions with momentum-space nodes. In the first part, we study important Fermi-liquid properties including Fermi surface, effective mass, specific heat, and optical conductivity. We also discuss the temperature-dependent electrical resistivity. The focus of the second part is on ordering phenomena competing with Kondo screening: Here we concentrate on magnetically mediated superconductivity. Assuming a direct exchange interaction between local moments, we discuss mean-field phase diagrams focussing on the interplay of hybridization symmetry and pairing symmetry. Most of the concrete calculations are done using the slave-boson mean-field approximation on twodimensional lattices, but most of our ideas apply more generally, including to situations where the hybridization does not have nodes, but otherwise varies strongly in momentum space.
The remainder of the paper is organized as follows. In Sec. II we introduce the microscopic model to be employed; its mean-field treatment is subject of Sec. III. We shall point out the relation between Kondo and Anderson lattice models with non-local coupling between c and f -electrons. Sec. IV is devoted to properties in the Fermi-liquid regime, comparing local with non-local (unconventional) hybridization. In particular, the optical conductivity will be calculated and discussed in relation to experiments on the CeMIn 5 compounds. 7 In Sec. V we shall touch upon the low-temperature physics beyond the slave-boson approximation. Sec. VI discusses qualitative properties of the electrical resistivity, in particular the perturbatively accessible temperature regime above the single-impurity Kondo temperature T K . The competition of Kondo screening and superconducting pairing is subject of Sec. VII. Two regimes will be distinguished, depending on whether the transition temperature T c is comparable to or smaller than Fermi-liquid coherence temperature T coh . An outlook will conclude the paper.
II. MODEL
In this paper, we shall restrict our considerations to two-band models of heavy-electron materials, with simple tight-binding hopping of electrons. We shall generalize the Anderson and Kondo lattice models to the case of a non-local coupling between the conduction (c) and local (f ) electrons, and discuss the relation between two models.
The Hamiltonian of the Anderson lattice model is given by
where c † kσ (f † kσ ) creates a conduction (f ) electron with momentum k, spin σ and energy ǫ k (ǫ f ). f -and celectrons are hybridized via the momentum-dependent hybridization V k . Finally, U is the on-site Coulomb repulsion of f -electrons. The chemical potential µ influences the band fillings n c and n f of the c and f -electrons, respectively. (Note that H ALM has the full translational invariance of the underlying lattice.)
While a full microscopic treatment of the f electron lattice would require to consider the low-energy Kramers doublet state, e.g., of one f electron in a f 1 configuration of Ce in the presence of spin-orbit and crystal-field interactions, we shall proceed with the simplified model (1) . Hence, we shall take the momentum dependence of V k as a phenomenological input, noting that it is dictated by the lattice structure and the overlap of c and f orbitals. (In principle, the momentum dependence of V k can be further renormalized by interaction effects, see Sec. V below.) The directional dependence of V k as function of k/k may be expanded into spherical harmonics. Conventionally, one neglects all non-zero angular-momentum components and assumes a local hybridization V k = V . This paper is concerned with situations where the zero angular-momentum component is small or vanishes, and hence the momentum dependence of V k can no longer be ignored (because e.g. V k displays nodes in momentum space). It is convenient to decompose V k = V β k , where the form factor β k is dimensionless and normalized to, e.g., k β 2 k = N where N is the number of lattice sites. It is obvious that the thermodynamics as well as most other observables of the system will depend on |V k | 2 only, exceptions will be noted in the course of the paper. The f level is assumed to be non-dispersive; this approximation is relaxed in Sec. VII.
In the Kondo limit, i.e., V → ∞, U → ∞, ǫ f → −∞ with V 2 /ǫ f finite, charge fluctuations are frozen. A Schrieffer-Wolff transformation, 5 which projects out empty and doubly occupied states of the f levels, leads to a Kondo lattice model:
where
In the Kondo limit, n f is fixed to unity, and S i is the local moment at site i formed out of the f -electrons. (An additional potential scattering term arising from the Schrieffer-Wolff transformation will be neglected.) To leading order, the Kondo coupling is
). In real space, the Kondo interaction H J takes the form
where β n−i denotes the Fourier transform of β k depending on the distance |R n − R i |, and s mn = σσ ′ c † mσ σ σσ ′ c nσ ′ /2 is a non-local conduction-electron spin density.
Importantly, for each impurity S i , Eq. (4) describes a single-channel Kondo model, with the exchange "symmetry" determined by the hybridization symmetry of the underlying Anderson model. In contrast, Ghaemi and Senthil 15 start out from a Kondo lattice model where each local moment is exchange-coupled to neighboring conduction-electron sites as follows:
This is a multi-channel Kondo model, where the different screening channels correspond to different linear combinations of the conduction electrons at the surrounding sites m. In such a model, the screening channels are of different strength, and the strongest will dominate the low-temperature physics. 
III. MEAN-FIELD APPROXIMATION
To obtain quantitative results, we shall employ the standard slave-boson mean-field approximation for the Kondo and Anderson lattice models (the latter with infinite U ). In the following, we briefly summarize the corresponding formalism. 5, 18, 19 Note that in all cases we restrict our attention to states with spatial translational invariance.
We start with the Anderson model. For infinite on-site repulsion, the three states of each f orbital can be represented by auxiliary fermionsf iσ and spinless bosons r i , such that the physical f electrons f iσ = r † if iσ , together with the constraint
At the saddle point, the slave bosons condense, r i = r, which implies a rigid hybridization between the c and thē f bands. The mean-field Hamiltonian of the Anderson lattice model reads
where λ is the Lagrange multiplier implementing the constraint (6) at the mean-field level, and the effect of the chemical potential µ on thef electrons has been absorbed in λ. The three mean-field parameters r, λ, and µ are obtained from minimizing the free energy, leading to the self-consistency equations:
The expectation values can be easily expressed in terms of the Green's function of the diagonalized mean-field Hamiltonian, for details see App. A. For the mean-field analysis of the Kondo lattice model one represents the local moments S i by auxiliary fermions
The Kondo interaction takes the form
where additional bilinear terms have been dropped, as they can be absorbed in chemical potentials. The Kondo interaction term H J can be decoupled using auxiliary fields b i conjugate to (−J 0 nσ β n−i f † iσ c nσ ), i.e., b i reflects the hybridization between the f and c bands at site i. At the saddle point, the b i condense, and translational invariance dictates b i = b. The Kondo lattice mean-field Hamiltonian is
As before, the three parameters b, λ 0 , and µ are determined by self-consistency equations which now read:
These mean-field equations are equivalent to the ones of the Anderson lattice model, Eq. (8), if the Kondo limit is taken there, for details see App. B.
We note that mean-field Hamiltonians (7,11) represent the N = ∞ saddle-point solutions of certain SU(N ) Anderson and Kondo lattice models. In this mean-field picture, both the Anderson and Kondo lattice models are mapped onto two-band systems of non-interacting fermions with a self-consistently determined renormalized hybridization between the bands. At high temperature, the slave-boson condensation amplitude vanishes (leading to two decoupled bands), whereas the condensation amplitude is finite below the single-impurity Kondo temperature T K . In the Kondo lattice model, T K is given by:
The neglect of fluctuations in the meanfield approach causes an artificial finite-temperature transition at T K which can in principle be cured by including the coupling to a U(1) gauge field, see Sec. V. The effective two-band picture is appropriate to describe the low-temperature Fermi-liquid regime, i.e., the quasiparticle physics for temperatures below the Fermiliquid coherence temperature T coh . An approximation for T coh can be extracted from the T = 0 slave-boson solution: For the Kondo lattice model one obtains T coh = b 2 /D where D is the bandwidth.
19 (Also, λ 0 ∝ T coh .) The Fermi surface resulting from the slave-boson approximation fulfills Luttinger's theorem: The momentum-space volume enclosed by the Fermi surface is proportional to the total number of electrons n tot = n c +n f where n f = 1 in the Kondo limit. At small non-zero temperature T , the mean-field parameters acquire quadratic T corrections characteristic of a Fermi liquid, e.g.,
The simple two-band picture of the slave-boson approach has been confirmed, e.g., using the dynamical mean-field theory 20 (DMFT) approach to the Anderson lattice model, which fully includes local correlations and inelastic processes: The DMFT results 21 nicely show the formation of a coherent heavy band crossing the Fermi level at low temperatures, rather well separated from the second band.
IV. LOW-TEMPERATURE PROPERTIES OF THE FERMI-LIQUID STATE
This section will discuss the properties of the heavyFermi liquid state in a heavy-fermion system with unconventional hybridization. Effects of inter-moment exchange and possible ordered phases will be ignored, we will come back to these issues in Sec. VII. Quantitative results will be obtained by solving the slave-boson mean-field equations for different model parameters, but the qualitative aspects will be of general validity unless otherwise noted.
We restrict ourselves to two-dimensional systems on a square lattice. For the c-electrons a tight-binding dispersion will be assumed:
Results will be shown for hybridization functions of the form
The d x 2 −y 2 -wave and the extended s-wave case correspond to different linear combinations of hybridization between an f -site and its nearest-neighbor c-sites (also discussed by Ghaemi and Senthil 15 ), while the s-wave case with local hybridization is shown for comparison.
In addition, we will also consider a lattice appropriate to model the CeIn planes of the CeMIn 5 materials (M=Ir, Rh or Co). Those crystallize in a HoCoGa 5 -type tetragonal structure, 22, 23 where the Ce and the in-plane In ions are located on two interpenetrating square lattices. Thus we assume a c electron dispersion as in Eq. (14), and hybridization functions of the form
Hybridization functions β k which formally break inversion symmetry, i.e. have odd angular momentum l, are possible as well. Observables are governed by V 2 k and display inversion symmetry; hence there is little qualitative difference between even and odd angular momentum hybridization (apart from the location of the hybridization nodes). Exceptions are transport anisotropies for l = 1, briefly discussed in Sec. IV E. 
A. Band structure and Fermi surface
To simplify the discussion, we shall work in the Kondo limit. The eigenvalues of the mean-field Hamiltonian (11), representing the effective bands of the heavy Fermi liquid, are given by
This band structure is illustrated in Fig. 1 . Along certain "nodal" lines in momentum space the hybridization vanishes, and the two bare bands of the c and f particles cross (Fig. 1a) ; for d x 2 −y 2 symmetry this applies to k x = ±k y . Otherwise, the hybridization causes a band repulsion (Fig. 1b) , which is maximum in the "antinodal" direction. As the bare f band is non-dispersive, the two bands z 1,2k do not overlap, and consequently only one band crosses the Fermi level. For less than half filling, n c < 1, the Fermi surface is thus determined by z 2k = 0. Fig. 1 also shows the momentum distribution function of the c-electrons, n k = c † k c k . It shows a jump at the Fermi wave vector k F , the jump height given by the quasiparticle weight Z, see below. As typical for heavyfermion systems, n k also shows a rounded step at the "small" Fermi surface of the original c electrons, i.e., the the Fermi surface in the absence of a hybridization (or at temperatures T ≫ T coh ).
Sample results from a full numerical solution of the mean-field equations (12) (15), with parameters chosen such that the specific heat coefficient is identical in the four cases, see below. For d x 2 −y 2 -wave hybridization, Figs. 2c,d, one clearly observes a "small" Fermi momentum k F along the nodal directions, while k F is "large" along the antinodal direction. Note that the function k F (φ), where φ is the angle parameterizing the k space direction, can be multivalued due to the momentum dependence of V k : Analyzing the equation z 2k = 0 one finds that this generically happens for small band filling n c (Fig. 2d) . In the case of extended s-wave hybridization, Fig. 2b , two Fermi sheets emerge, as the lower band crosses the Fermi level twice.
For the hybridizations of Eq. (16), arising from two interpenetrating square lattices of c and f electrons, sample Fermi surfaces are shown in Fig. 3 . In the d-wave case, Fig. 3b , the nodal lines are simply rotated by 45 degrees w.r.t. to Fig. 2c,d .
B. Thermodynamic properties
The leading low-temperature thermodynamics can be directly obtained from the effective two-band description of the slave-boson approximation. 24 For non-interacting fermions, the Sommerfeld coefficient, γ = C V /T , of the specific heat is related to the density of states (per spin) at the Fermi level,
In standard isotropic Fermi-liquid theory, the effective mass m * is defined through the slope of the dispersion at the Fermi level, v F = k F /m * , where v F and k F are Fermi velocity and Fermi momentum, respectively. The density of states is
2 . In anisotropic systems, a suitable definition for a (direction-dependent!) effective mass is:
where ǫ k is the quasiparticle energy of the band crossing the Fermi surface (FS), and k = |k|. Then, the density of states is given by
Note that Ref. 15 defined a quantity m * via the second (instead of the first) derivative of quasiparticle energies, which in general plays only a subleading role in thermodynamics.
In our two-band system, ǫ k = z 2k for n c < 1. In d = 2 some factors of k drop out, such that
where m * is the effective mass as extracted from specificheat measurements (i.e. the effective mass of an isotropic Fermi liquid with the same γ), and dA k is the Fermi surface element. Under the condition that the Fermi surface can be parameterized in the way k = k F (φ) this integral can be rewritten as
. (21) Sample results for the quasiparticle velocity, |∇ k z 2k | FS , as function of the Fermi-surface angle (i.e. the direction) are shown in Fig. 4 for the various hybridization cases introduced in Eq. (15) . The microscopic parameters are chosen such that all four cases lead to the same value of the density of states N 0 and thus the same specific-heat coefficient. The corresponding total effective mass is around 125 times the bare c-electron mass. For d x 2 −y 2 -wave hybridization the velocity and therefore also the inverse effective mass has a maximum at the nodal line (φ = π/4) -here m * (k) corresponds to approximately the bare c-electron mass. Away from the nodal line the velocity rapidly decreases. In contrast, for both s-wave-like hybridizations, the velocity is approximately constant (and small) along the Fermi surface.
The electronic quasiparticle weight, Z(k), can be easily extracted as well. Z measures the overlap between the physical c electron and the low-energy quasiparticle at the Fermi surface. In the mean-field approach of two hybridized bands, Z is given by:
Results for Z are displayed in Fig. 5 : It is unity along the nodal lines of the hybridization, but becomes very small away from it -the latter is the typical heavy-fermion situation. For the s-wave-like hybridizations, Z turns out to be independent of the momentum direction; in the swave case this follows from V k = const, whereas in the extended s-wave case this follows from the coincidence of the momentum dependence of the hybridization V k and the c electron dispersion ǫ k . At this point, let us comment on a few important issues. First, even in the presence of hybridization nodes, all local moments of the Anderson or Kondo lattice are fully screened in the low-temperature limit. This is obvious from the slave-boson solution which clearly describes a Fermi liquid, but also beyond slave bosons we see no reason for a (partial) breakdown of Kondo screening: For instance, in DMFT complete screening will occur once the effective bath density of states at the Fermi level is finite (which is the case here). Physically, the local moments are entities in real space, whereas the hybridization nodes are defined in momentum space. Second, as the nodes cover only a set of momenta of zero measure, hybridization nodes do not easily lead to so-called two-fluid behavior (i.e. a heavy-Fermi liquid coexisting with local moments), which has been advocated on phenomenological grounds. 25 We note that these statements also hold if both quasiparticle bands (c-like and f -like) cross the Fermi level. Although one may speculate about the existence of gapless spinons at the f Fermi points where the hybridization vanishes, 15 these would again cover only a set of momenta of zero measure.
C. Influence of a magnetic field
Let us briefly discuss the effects of a weak external field applied to the heavy Fermi liquid. In general, a Fig. 2a-d . In all four cases, the "total" effective mass (as derived from the specific heat) is around 125 times the bare electron mass. 26 ) The anisotropy of V k of course causes an anisotropy of the k-space distance between the spin-split Fermi sheets, as the Fermi velocity is highly anisotropic.
For magneto-oscillation measurements, the cyclotron mass is an important quantity, given by 2πm c = ∂A(E)/∂E, where A(E) is the area enclosed by the quasiparticle iso-energy curve in a momentum-space plane perpendicular to the applied orbital field. Thus, in dimensions d > 2 the cyclotron mass m c depends on the field direction. However, in 2d this dependence is absent, and m c is identical to the (averaged) quasiparticle mass m * extracted from the density of states or specific heat, independent of momentum-space anisotropies.
D. Optical conductivity
The optical response of heavy-fermion metals has been studied extensively.
8 Experiments probing the optical conductivity σ(ω) usually show a Drude peak well separated from mid-infrared excitations. These features have been interpreted in the two-band picture advocated above: While intra-band particle-hole excitations produce conventional metallic Drude-like response, interband excitations lead to finite weight at elevated energies. In a picture of free fermions, the threshold energy of these optical inter-band excitations measures the minimum gap between occupied and unoccupied states in the lower and upper band, respectively. For momentumindependent hybridization between c and f bands, this optical gap ∆ opt is simply given by twice the value of the renormalized hybridization. As explained above, the hybridization is expected to scale as the square root of the coherence temperature, hence ∆ opt ∼ √ T coh D (where D is the conduction-electron bandwidth). Clearly, the simple two-band picture falls short of capturing inelastic processes at non-zero energies, which will inevitably smear out the gap even at T = 0. Nevertheless, a pseudogaplike feature has been shown to survive in σ(ω) when fully accounting for dynamic local correlation effects in the framework of DMFT for the standard Anderson lattice model at large U . 21, 27 In the results of these calculations, the magnitude of the pseudogap has the same scaling as above, ∆ opt ∼ √ T coh . Remarkably, this relation between optical gap and coherence temperature has been found to be nicely obeyed by a number of heavyfermion metals. 8, 9, 10, 11, 12 However, optical conductivity studies in CeMIn 5 (M=Ir,Rh or Co) show little signatures of a well-defined hybridization gap. 7 As we show below, such a behavior is in principle consistent with a strongly momentum-dependent hybridization in the underlying Anderson lattice model.
The finite-frequency part of the optical conductivity σ(ω) can be expressed through the retarded currentcurrent correlation function as
with
The current operator j has to calculated as the time derivative of the polarization operator P
where the definition of P includes all charged particles a i (with charge q i ):
As usual, approximations to the propagators and to the current vertex in calculating Π(ω) have to be mutually consistent in order to respect charge conservation (expressed by the corresponding Ward identity). At this point, the electrodynamics of the heavy Fermi liquid requires a thorough discussion. Physically, the f electrons contribute to the Fermi surface and carry charge. While this is plausible in the Anderson model picture, where the charge is naturally carried by thef auxiliary particles, the Kondo case is more subtle: The f particles of the mean-field theory are neutral spinons, which will carry a physical electric charge only upon inclusion of gauge fluctuations, see Sec. V. Hence, we shall take the Anderson model viewpoint here. In the spirit of the mean-field theory, we demand the current correlator to be calculated as the bare bubble. An expression for the current vertex, which is consistent with the meanfield propagators, is obtained from:
where charge-carrying particles c i andf i are contained in P MF :
Evaluating Eq. (27) leads to
Let us pause to emphasize that a current operator derived from H ALM before the mean-field approximation would have a f electron contribution different from that in j MF , but such a current vertex would be inconsistent when used together with the bubble of mean-field propagators, i.e., vertex corrections would become important. We point out that j MF has several shortcomings because P MF treats thef as real electrons, nevertheless, the expression (29) is the only current operator suitable within the mean-field treatment of the Anderson model. We also note that the second term in j MF vanishes in the conventional case of a constant hybridization V k , and ambiguities regarding the treatment of the f electrons do not arise.
21,28
Using the current operator j MF (29), the expression for the real part of the optical conductivity σ 1 (still assuming n c < 1) reads
using the abbreviations ǫ f = ǫ f − λ and
The result for σ(ω > 0) from a numerical evaluation of Eq. (30) is depicted in Fig. 6 , for the three hybridization symmetries of Eq. (15) and parameters as in Fig. 2a-c . In all situations, a finite gap ∆ opt is visible in σ(ω), which corresponds to the minimal direct gap between the two bands z 1k and z 2k . In the cases of the s-wave and extended s-wave hybridization, ∆ opt is given by 2b and |λ 0 − µ|b/ √ b 2 + t 2 , respectively; both expressions translate into ∆ opt ∼ √ T coh D (up to prefactors), as known before. For d x 2 −y 2 -wave hybridization, the two bands cross along the nodal lines, but this crossing is at a finite energy away from the Fermi level. Hence, the direct gap is finite and given by the renormalized f level position, |λ 0 | -this translates into ∆ opt ∝ T coh . Above this threshold energy, the optical conductivity follows ω − ∆ opt , see App. C.
As discussed above, a hard gap in σ(ω) will not survive beyond mean-field, but we expect the qualitative result to remain valid. We therefore conclude that a hybridization V k with momentum-space nodes leads to transfer of optical spectral weight from the energy scale √ T coh D to the scale T coh (when compared to the case of constant hybridization). For actual experiments this likely implies that no hybridization gap will be visible in the optical conductivity, due to the finite width of the Drude peak. Such a scenario is qualitatively consistent with the optical-conductivity data obtained on CeMIn 5 .
E. Thermal transport
Low-temperature d.c. transport quantities are in principle candidates to probe strong anisotropies in momentum space. As an example, let us consider the thermal conductivity (which sometimes shows less sample dependence than the electrical conductivity). The energy current operator in the mean-field approximation reads
where γ † 1,2 are the operators creating a quasi-particle in the z 1,2 band. ¿From the Kubo formula, one derives the low-temperature thermal conductivity in relaxation-time approximation:
where Γ denotes the impurity-induced quasiparticle scattering rate, and we have again assumed that only the band z 2k crosses the Fermi level.
As already discussed by Moreno and Coleman 14 in the context of gap-anisotropic Kondo insulators, the thermal conductivity will be strongly anisotropic for 3d systems where the hybridization has e.g. line nodes. In contrast, in the 2d case of a d x 2 −y 2 hybridization, the conductivity tensor does not have enough degrees of freedom to reflect the anisotropy, as the two principal axes are equivalent here. (The sign of β k does not enter.) The same applies to hybridization function V k with higher angular momenta l. Hence, for 2d anisotropic systems, higher-order correlation functions need to be considered, as e.g. probed by angle-dependent magnetoresistance; this is beyond the scope of this paper. [An exception is a p-wave hybridization (i.e. l = 1) which explicitly breaks the C 4 rotation symmetry down to C 2 , leading to an in-plane transport anisotropy. Note that such a hybridization will be accompanied by a corresponding lattice distortion, which will be reflected in the entire band structure.]
Finally, we note that, independent of possible transport anisotropies, the Wiedemann-Franz law will always be obeyed (assuming elastic scattering only): The Lorenz number L, formed from the thermal conductivity κ ii and the electrical conductivity σ ii via L = κ/(σT ), will approach the constant L 0 = (π 2 /3)(k B /e) 2 in the lowtemperature limit. This is consistent with the fact that we are describing a Fermi liquid. As a corollary, the recently observed violation of the Wiedemann-Franz law in CeCoIn 5 at its field-induced critical point 29 is likely related to inelastic scattering processes.
V. BEYOND MEAN-FIELD THEORY
So far, we have discussed the low-temperature properties of "unconventional" heavy Fermi liquids using slaveboson mean-field theory. In principle, corrections to mean-field theory can be systematically taken into account, by considering fluctuations around the saddle point. For the Kondo model, the correct implementation of the Hilbert space constraint, together with phase fluctuations of the boson field, lead to a theory where f and b particles are minimally coupled to a compact U(1) gauge field. The Fermi-liquid phase corresponds to the Higgs/confining phase of the gauge theory, it is stable w.r.t. fluctuation effects, their main effect being to endow the f -particle with a physical electric charge.
30,31
To treat the full crossover from energies or temperatures above T K to those below T coh , different methods need to be employed. Local correlations can be efficiently captured by dynamical mean-field theory (DMFT). 20 If DMFT is formulated for the Anderson lattice model (1), correlation effects arise from the local Hubbard interaction U , and consequently DMFT can be used to treat an Anderson model with non-local hybridization V k as well. The DMFT self-consistency equation then reads:
Here, Σ f is the so-called interaction self-energy arising from U , and ∆ denotes the effective hybridization function defined by the second line of Eq. (34). While we shall not numerically solve the DMFT problem (34) here, we can briefly discuss a few properties. Most importantly, the momentum dependence of the arising effective hybridization is dictated by the bare V k . This implies that all qualitative statements in Sec. IV remain valid, in particular all local moments will be fully screened at low T . (Technically, the DMFT reduces the lattice model (1) to an effective single-impurity model, with a bath having a finite density of states at the Fermi level -this implies a fully developed Kondo effect as T → 0.)
Cluster extensions of DMFT allow to handle momentum-dependent self-energies. Then, in principle the momentum dependence of the effective hybridization will differ from that of the bare V k . However, we do not expect qualitative changes of the low-temperature physics described above.
Let us note one caveat: While calculating thermodynamics and single-particle properties within DMFT for the Anderson model (1) is straightforward, electric transport is not. The reason is that the current operator inevitably involves contributions from the non-local hybridization, see discussion in Sec. IV D. As a result, vertex corrections do not vanish in the DMFT limit, in contrast to standard DMFT applications.
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VI. TEMPERATURE-DEPENDENT RESISTIVITY
In this section, we touch upon electronic properties at elevated temperatures. In particular, we want to focus on the electrical resistivity ρ(T ) of heavy fermions with unconventional hybridization for T > T K .
In the conventional heavy-fermion picture, the electrical resistivity ρ(T ) at high temperatures, T ≫ T K , is small (ignoring phonons here), and ρ(T ) rises upon lowering the temperature due to increasing magnetic scattering. At a scale which is often identified with the lattice coherence temperature T coh , ρ(T ) reaches a maximum and then drops upon further cooling, behaving as ρ(T ) = ρ 0 + AT 2 at low T . At elevated temperatures, T > T K , the scattering can be accessed using perturbation theory in the Kondo coupling, i.e., the physical picture is that of c electrons (with a small Fermi surface) scattering inelastically off the f moments.
Bare perturbation theory gives a single-particle scattering rate
A few remarks are in order: (i) In the paramagnetic phase of a Kondo lattice, all contributions to the conductionelectron self-energy up to order J 3 0 arise from singleimpurity scattering. (ii) The prefactor β 2 k comes from the two external lines of the self-energy diagrams whereas the internal momentum summations average out all other form factors -this is also true for higher-order diagrams. Assuming that scattering arises from the local moments only, the simplest approximation for the conductivity σ ∝ 1/ρ yields
where v i (k) = dǫ k /dk i is the quasiparticle velocity. The result (35, 36) is interesting, as it shows that for form factors β k with nodes, the Kondo scattering is insufficient to render the conductivity finite, because τ k diverges at least like (k−k n ) −2 near the node at k n . The physical origin is that conduction electrons with momenta at the hybridization nodes are not scattered at all, and this shortcircuits all other processes, leading to infinite conductivity. To obtain a finite conductivity, additional scattering needs to be considered, namely electron-electron scattering among the conduction electrons, electron-lattice scattering, or scattering off static impurities. The resulting interplay of scattering mechanisms can be complex and can even modify the basic temperature dependence of ρ(T ), but we shall not analyze it here in detail.
The physical conclusion is that the electrical current, at least in the temperature regime T > T K , is primarily carried by conduction electrons with weak hybridization to the f moments, hence "nodal" quasiparticles dominate the electric transport. Recall that, in contrast, the low-temperature thermodynamics is dominated by "antinodal" quasiparticles.
VII. COMPETITION BETWEEN KONDO SCREENING AND ORDERING
As already discussed by Doniach, 32 the phase diagram of heavy-fermion metals is determined by the competition between Kondo effect and inter-moment exchange (either of direct or RKKY type). Inter-moment exchange can drive magnetic ordering, but may also lead to non-trivial metallic spin-liquid states and to magnetically mediated superconductivity. The competition with Kondo screening may be simply understood by stating that the local f moments can either form Kondo singlets with the conduction electrons, or they can order in a symmetry-breaking fashion or else pair into inter-moment singlets.
Thinking about these competing tendencies in momentum space, it is conceivable that, in a situation with momentum-space differentiation of electronic band properties, certain ordering phenomena are favored or disfavored by a given form of the hybridization. This idea will be illustrated in this section, using magnetically mediated superconductivity as an example, where one can expect an intricate interplay between hybridization and pairing symmetries. Concrete calculations will be performed for a Kondo-Heisenberg model in a mean-field approach: As in Ref. 33 , a magnetic interaction between the f moments can be decoupled in the particle-particle channel, leading to pairing of spinons, which, if coexisting with Kondo screening, leads to BCS-type superconductivity.
A. Kondo-Heisenberg model
The Anderson and Kondo lattice models (1,2) contain the competition of Kondo and RKKY interactions. However, in the slave-boson approach the effect of the RKKY interaction is lost. For mean-field calculations it is thus convenient to introduce an explicit inter-moment exchange interaction of Heisenberg type:
The physics of the model H KLM + H H , commonly referred to as Kondo-Heisenberg model, has been extensively discussed in the literature. We shall give a comprehensive discussion of all phases and phase diagrams, but instead concentrate on the possible emergence of superconductivity due to f electron pairing. A general framework has been laid out in Ref. 33, 34 , which considered a scenario where dominant RKKY interaction does not lead to antiferromagnetism, but instead to a metallic spin liquid state. This state, arising e.g. from geometric frustration of the inter-moment exchange, has been dubbed "fractionalized Fermi liquid" (FL * ), as it features light conduction electrons, forming a Fermi liquid, which coexist with a fractionalized spin liquid formed out of the f electrons. Then, in the generalized Doniach phase diagram, the heavy Fermi liquid (FL) is separated from FL * by a quantum critical point where Kondo screening breaks down, but no local symmetries are broken.
33,34
(This quantum critical point has been discussed in relation to unconventional quantum criticality in materials like CeCu 6−x Au x and YbRh 2 Si 2 .)
A specific realization of FL * is a state with paired spinons and an emergent Z 2 gauge structure. As detailed in Ref. 33 , one can expect magnetically mediated superconductivity close to the quantum critical point between FL and a Z 2 FL * . All resulting low-temperature phases can be conveniently described in a mean-field approach, where the standard slave-boson description of the Kondo effect is combined with a Sp(2N ) mean-field treatment of the Heisenberg exchange. 35 Below, we shall extend this mean-field theory to the case of momentum-dependent hybridization.
B. Mean-field theory and magnetically mediated superconductivity
A mean-field theory for the Kondo-Heisenberg model, H KLM + H H , involves a decoupling of the Kondo interaction as in Sec. III and of the inter-moment Heisenberg exchange H H . Using the pseudofermion representation of the local moments as above, non-local spinon pairing is described by a mean field of the form ∆ ij = − f i↑ f j↓ − f i↓ f j↑ . Then, the Heisenberg interaction can be written at the mean-field level as
(38) For time-reversal invariant states, the bond field ∆ ij = ∆ ji can be chosen to be real.
Importantly, the mean-field Hamiltonian (38) is the exact solution of the Heisenberg model in the symplectic Sp(2N ) large-N limit, with a fully antisymmetric representation of the local moments.
35 (This large-N limit uniquely selects the particle-particle decoupling of the Heisenberg interaction.
36 ) Physicswise, non-zero ∆ ij creates a paramagnetic phase out of the f moments; in particular, uniform ∆ ij describes a gapped Z 2 spin liquid, but also states with broken translational symmetry can occur which can be classified as valence-bond solids.
38 A consistent Sp(2N ) mean-field treatment of the full model H KLM + H H is obtained by also decoupling the Kondo interaction in the particle-particle channel. However, one can show that for the Kondo part both particle-hole and particle-particle decoupling schemes are equivalent regarding physical observables, provided that n f = 1 and time-reversal symmetry is present.
The full mean-field theory is now given by H KLM,MF + H H,MF , with the two "order parameters" b and ∆. Restricting ourselves to states without translational symmetry breaking, the following mean-field phases occur: At high temperatures, a trivial decoupled phase with b = ∆ = 0 is realized. If the Heisenberg exchange J H dominates over the Kondo coupling J 0 , then ∆ will be finite and b zero at low T , resulting in decoupled c and f electron subsystems: This is the fractionalized Fermi liquid FL * described above. On the other hand, non-zero b and vanishing ∆ describe a conventional heavy Fermi liquid FL (which was the subject of Sec. III). Finally, if both ∆ and b are non-zero, Kondo screening coexists with spinon pairing, which leads to a true superconducting state (SC), with pairing mediated by the magnetic coupling among the f moments. At sufficiently low T , the FL phase is always unstable towards superconductivity in the presence of a non-zero J H . (Note that the FL * phase is not a superconductor, as the f particles do not carry a physical charge in the absence of Kondo screening.) Fluctuation corrections to mean-field theory will smear out the finite-temperature transitions of the FL and FL * phases (the latter only in d = 2 dimensions), whereas the superconducting transition remains a true phase transition.
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At this point, a more detailed discussion of the spatial structure of the Heisenberg interaction, described by J H,ij , and of the resulting pairing is needed. For nearestneighbor exchange on the square lattice of f moments, each unit cell contains two bond variables, ∆ ij . A numerical solution shows that two types of saddle points exist (provided that translational and time-reversal invariance are imposed 38 ), namely a uniform (or "extended s-wave") solution with ∆ ij = ∆ on all links, and a "d x 2 −y 2 -wave" solution with ∆ ij = ±∆ on horizontal and vertical links, respectively. We will also consider the case where the J H,ij only act on next-neighbor diagonal bonds, which together with an alternating structure of the ∆ ij leads to a "d xy -wave" mean-field solution of the Heisenberg part. All cases can be written in momentum space as
with the abbreviation W k = −J H ∆α k , and α k contains the "form factor" of the spinon pairing:
The self-consistency equation which supplement the Hamiltonian H KLM,MF + H H,MF , are given by Eqs. (12) and
All expectation values can again be expressed in terms of Green functions, see App. A 2. Diagonalizing the mean-field Hamiltonian, we obtain the quasiparticle energies:
Let us point out an interesting feature of the superconducting state SC: Due to the momentum-dependent hybridization, the internal structure of the Cooper pairs is highly non-trivial. In particular, the anomalous expectation value of the physical electrons is given by c † k↑ c † −k↓ ∝ ∆β The additional zeros will have a strong influence on thermodynamics, e.g., the power-law in the low-temperature specific heat will be modified.
Pairing in a Kondo-lattice system can occur in qualitatively different regimes, depending on the relation between the superconducting T c and the characteristic Kondo scale. If T c ≪ T K , then the proper picture is that of BCS-like pairing out of a well-formed heavy Fermi liquid. In contrast, T c ∼ T K implies a strong competition of Kondo screening and Cooper pairing, and superconductivity emerges out of an incoherent non-Fermi liquid regime. (The formal situation T c ≫ T K leads to the nonsuperconducting FL * phase.) Let us quickly discuss the two regimes in the framework of the mean-field theory, keeping in mind that inelastic processes at energies of order T K will not be captured. The mean-field equation (41) reduces to an equation for T c if we set ∆ to zero:
(43) The factor α 2 k originates from the fact that the momentum dependence of both the gap and the pairing interaction W k are equal by construction.
In the regime T c ≪ T K only the quasiparticle band crossing the Fermi level (which we again assume to be z 2k ) contributes to pairing. We replace the k summation by an integral over isoenergetic lines dω ω=z 2k dA k /|∇z 2k |. In analogy to the standard BCS case we approximate tanh(ω/2T c ) = 1 for ω ≥ 2T c and 0 elsewhere. The factor of α 2 k will be taken at its value at the Fermi surface. Furthermore we will set κ ≡ (ǭ
) ≈ const, assuming that it is weakly varying along the Fermi surface. Neglecting the dependencies of the velocity and α k perpendicular to the Fermi surface we obtain
with Λ of order the bandwidth. This gives a rough T c estimate of
This equation shows the direct interplay of the form factors: T c is enhanced if the pairing is strong (large α k ) in regions where quasiparticles are heavy and hence have large f character. In other words, "antinodal" regions along the Fermi surface with large hybridization are more susceptible to pairing. In contrast, in the regime of T c ∼ T K both bands contribute to pairing, and one can expect large contributions to the integral in Eq. (43) from the essentially flat parts of both bands z 1,2k , which are present in particular close to the nodal lines of the hybridization V k . This simple argument illustrates the competition between Kondo effect and pairing in the regime T c ∼ T K : "Nodal" momentumspace regions with less hybridization are more susceptible to pairing -this is opposite to the statement made above for T c ≪ T K ! One should, however, keep in mind that the mean-field theory has limited relevance for the true physics at energies or temperatures of order T K , the key point being that electrons in the "antinodal" regions are rather incoherent. The emerging problem of the pairing of incoherent fermions is of fundamental relevance and heavily debated for instance in the field of high-temperature superconductors, but rather little solid knowledge exists about this highly interesting strongcoupling phenomenon.
D. Extended phase diagrams
The discussion of the last section suggests that a certain hybridization symmetry can favor or disfavor a certain pairing symmetry. To follow up on this idea, we have determined mean-field phase diagrams from a fully self-consistent numerical solution of Eqs. (12) and (41) . While our results in principle support the above statement, they also show that microscopic details of band structure, band filling, and pairing interaction are important in determining T c (which may render simplistic arguments invalid).
Sample phase diagrams as function of temperature T and Kondo coupling J 0 , keeping J H , t, and n c fixed, are shown in Fig. 7 , for hybridizations of extended s-and d x 2 −y 2 -type and various pairing symmetries. The overall structure of the phase diagram was discussed above in Sec. VII B and is identical to that described in Ref. 33 . The different pairing symmetries in Fig. 7 have to be understood as follows: For a given Heisenberg interaction, saddle points with different spinon pairing symmetry occur, and to plot the phase diagrams we have restricted our attention by hand to one of the saddle 
Plots of the free energies at low T are presented in Fig.  8 . The rough conclusion for the particular dispersion and band filling used here is that extended s-wave hybridization favors the d x 2 −y 2 -wave superconducting symmetry, while d x 2 −y 2 -wave hybridization favors d xy -wave superconductivity. Given the structure of the Fermi surfaces in the FL phase, this is not unexpected: If both α k and β k have extended s structure, the pairing interaction is rather small near the Fermi surface (Fig. 2b) , and consequently the superconductivity is weak in the left panel of Fig. 7b , whereas both d-wave pairing states perform nicely in energy. For β k of d x 2 −y 2 form, the Fermi surface (Fig. 2c) is mainly located close to the momentum-space diagonals, favoring d xy pairing (right panel of Fig. 7c ).
VIII. CONCLUSIONS
In this paper, we have explored the consequences of a strongly momentum-dependent hybridization between conduction and local-moment electrons in heavyfermion metals: In the Fermi-liquid regime, the quasiparticle properties become strongly anisotropic along the Fermi surface: "nodal" quasiparticles are light c electrons, whereas "antinodal" quasiparticles are heavy and have essentially f character. An interesting dichotomy arises: While the low-temperature thermodynamics is dominated by heavy antinodal quasiparticles, the electrical conductivity at elevated temperatures is carried by unhybridized nodal quasiparticles. Experimentally important is the low-temperature optical conductivity σ(ω): Due to the strongly momentum-dependent gap between the effective bands, the hybridization gap in σ(ω) is essentially smeared out.
Further, we have advocated the idea that the momentum-space structure of the hybridization is important in selecting ordering phenomena which compete with Kondo screening near quantum criticality. Here, two regimes need to be distinguished: For energies or temperatures T much smaller than the coherence temperature T coh , a weak-coupling quasiparticle picture is often appropriate, and instabilities of the heavy Fermi liquid are determined by the interaction among the (anisotropic!) quasiparticles. In contrast, for T ∼ T coh fascinating strong-coupling phenomena can be expected, for example unconventional superconductivity emerging from a nonFermi liquid regime. This physics will be dominated by inelastic processes, which again are strongly anisotropic in momentum space. A detailed study should be undertaken using cluster extensions of dynamical mean-field theory, but is beyond the scope of this paper.
On the experimental side, CeNiSn and CeRhSb have been established to be half-filled Kondo semimetals with a hybridization gap vanishing along a certain crystallographic axis. 13, 14, 39 The CeMIn 5 compounds are candidates for Kondo metals with strongly anisotropic hybridization, 7 but other Ce or Yb materials where a clear-cut hybridization gap in σ(ω) is absent may fall into this category as well. We note that first-principles calculations based on density-functional theory could, in principle, be able to determine the hybridization symmetry, but strong interaction effects can render the conclusions invalid. Recent x-ray absorption studies are promising in paving a way to an experimental determination of the required microscopic information. 40 To probe the anisotropic quasiparticle properties in the Kondo regime, high-resolution angle-resolved photoemission is the ideal tool (with the restriction that in can only be applied to quasi-2d systems). As outlined in Sec. VI, unusual behavior in the finite-temperature resistivity may also be connected to nodes in the hybridization function. Clearly, more detailed theoretical investigations of transport properties are needed. Finally, we mention that the strong-coupling pairing regime T c ∼ T K is very likely realized in the fascinating superconductor PuCoGa 5 . 
